Perchlorated and persulphated mixed hydroxides of zirconium and titanium were prepared by coprecipitation and impregnation in aqueous HClO 4 or (NH 4 ) 2 S 2 O 8 solutions of 0.05, 0.10, 0.20 and 0.40 M concentrations. An alternate sequence of impregnation followed by calcination or vice versa was conducted and the samples obtained studied using XRD, FT-IR, pyridine titration and lowtemperature (-196ºC) nitrogen adsorption methods. XRD indicated that the presence of titanium stabilized the tetragonal modification of zirconia and almost completely prevented the usual tetragonal ® monoclinic transformation upon calcination at 650ºC.
Structural and Textural Properties of Perchlorated and Persulphated Mixed (Hydr)Oxides of Zirconium and Titanium INTRODUCTION
Superacids have acid strengths exceeding that of 100% sulphuric acid, as demonstrated by their corresponding Hammett acidity functions, H 0 , which exhibit values less than -11.94 (Gillespie 1968) . With the discovery that sulphated metal oxides of Fe, Zr, Sn and Ti exhibit superacidity, much attention has been devoted to these materials, not only because of their strong acidity but also because of their reduced environmental risk Arata 1979, 1980; Hino et al. 1979) . Recent applications for sulphated metal oxide solid acids include their use as heterogeneous catalysts *Author to whom all correspondence should be addressed. E-mail: elshafei_gamal@yahoo.com. for a wide variety of applications such as hydrocarbon isomerization (Dalai et al. 1998) , nitration (Parida and Pattnayak 1997) , reduction (Chen and Yang 1993) and alkylation (Yadav et al. 1993) . Sulphated zirconia has attracted extensive attention because of its strong acidity and high activity in light alkane conversions at relatively mild temperatures (Yamaguchi 1990; Davis et al. 1994; Corma 1995; Song and Sayari 1996; Song and Kydd 1998) . To date, however, only limited use has been made of sulphated titania (Hess and Kemnitz 1997; Somantaray et al. 2000) .
Zirconia is known to exist as monoclinic, tetragonal and cubic crystalline phases. Of these modifications, the monoclinic form is thermodynamically stable under ambient conditions (Murase and Kato 1978) while the tetragonal and cubic phases are metastable. The tetragonal form exhibits better textural and acid-base properties than the monoclinic and has, therefore, been most used in catalysis (Shibagaki 1992) . Zirconium hydroxide or 'hydrous zirconia' is the key intermediate in the preparation of zirconia, which exists as an amorphous phase below 420-450ºC. The transformation into crystalline zirconia is accompanied by a large drop in surface area. Transformation of the metastable tetragonal modification into the monoclinic form is generally complete by 650ºC to 700ºC. The basic unit of the hydrous oxide is believed to be the tetrameric polycation [Zr(OH) 2 4H 2 O] 4 8+ which polymerizes via olation (with the OH group linking two metal atoms) to form two-dimensional sheets, these finally evolving into three-dimensional particles via oxolation to form the oxidic phase (Chuah et al. 1998) .
In contrast, titania exists as three polymorphic phases, i.e. rutile, anatase and brookite. The lower density modification (anatase), which is normally formed in the hydrolysis of titanium salts, is the least stable and undergoes transformation into rutile. The transformation is accelerated by thermal treatment and occurs between 450ºC and 1200ºC depending on the nature, structure and preparation conditions employed for the precursor phase (Tsevis et al. 1998) . As in the case of zirconia, this temperature-induced transformation is accompanied by a large loss in surface area (El Shafei et al. 2001) .
In the present work, a mixed hydroxide of zirconium and titanium, and its perchlorate-and persulphate-modified counterparts, has been prepared by coprecipitation. Studies of sulphated, phosphated, tungstated and many other anion-modified zirconia or titania have received much attention. However, the use of perchlorate as an anion to assess its effect on increasing the acidity appears to have received little attention in the literature Moussa 2000) and the use of persulphate as a source of sulphation for such a mixed hydroxide system does not seem to have been studied previously.
EXPERIMENTAL

Preparation of the mixed hydroxide
The appropriate weight of ZrOCl 2 8H 2 O (Merck) and volume of TiCl 4 (BDH) sufficient to form a mixed hydroxide with a 1:1 molar ratio were dissolved separately in doubly distilled water, dissolution of TiCl 4 being conducted whilst cooling the container with an ice/water mixture when large amounts of HCl gas were formed. The two solutions were mixed directly after preparation and ammonia water (28%) was added by dropping into the mixed aqueous solution with stirring until a pH value of 8.0 had been attained at room temperature. The precipitated mixture was stirred for a further 30 min and then left to stand for 1 d. After this time, the aqueous portion was decanted from the precipitate, fresh doubly distilled water added followed by stirring, settling and decanting the aqueous portion away. This procedure was repeated until no chloride ions could be detected in the washings (AgNO 3 test). The precipitates were finally isolated by filtration and dried for 24 h at 100ºC. The resulting parent mixed hydroxide is denoted as MH below and the corresponding parent mixed oxide obtained by calcination in air for 3 h at 650ºC is denoted as MO.
Modified samples were obtained by immersing 4 g of either MH or MO in 50 ml of an appropriate solution for 24 h with occasional shaking, filtering the sample and then drying for 72 h at 80ºC. In both cases, the pH value of the solutions increased considerably because of such immersion, this increase in pH declining as the initial concentration of the solution employed increased. Solutions of HClO 4 (Merck, 70%) or (NH 4 ) 2 S 2 O 8 (Veb Laborchemie, Germany) of 0.05, 0.10, 0.20 and 0.40 M concentration were employed, the modified solids obtained being described below through the insertion of the numerals 1, 2, 3 and 4 in their corresponding designation. Modified solids obtained by perchlorate treatment are listed below with the label Cl while those obtained from persulphate are labelled as S; in both cases, the designation of the calcined samples derived from the modified solids includes the calcination temperature given in parentheses. Thus, ClMH2 corresponds to the mixed hydroxide modified with perchlorate of concentration 0.10 M, while SMH4(650) indicates a mixed hydroxide modified with persulphate of concentration 0.40 M calcined after modification by heating at 650ºC. Samples calcined before modification are described below with MO in their designation.
Techniques
X-Ray diffraction (XRD) patterns were obtained using a Philips X'Pert instrument employing Cu Ka radiation (40 kV, 30 mA) over the 2q range 10-90º. Fourier-transform infrared (FT-IR) spectra were measured at room temperature on an ATT Mattson infinity series FT-IR TM spectrometer using the KBr disk technique. Surface acidity measurements were undertaken via the irreversible adsorption of pyridine from cyclohexane solution as determined spectrophotometrically (l max = 256 nm) using a Unicam UV-vis (UV-300) instrument. In each experiment, 0.10 g solid initially preheated overnight at 120ºC was shaken in 10 ml of freshly prepared solutions of different concentration within the range conforming to the Lambert-Beer law for 24 h. In each case, the measured adsorption data showed excellent agreement with the Langmuir adsorption relationship. Nitrogen adsorption/desorption isotherms at -196ºC were measured using a conventional volumetric apparatus connected to an evacuation system that allowed residual pressures of ca. 10 -4 Torr to be obtained.
RESULTS AND DISCUSSION
Structural assessment
X-Ray diffraction studies
The X-ray diffraction pattern of the coprecipitated mixed hydroxide of zirconium and titanium indicated that the material obtained was amorphous. The corresponding pattern (MH in Figure 1 ) exhibited two broad peaks over the 2q ranges 20-40º and 40-50º, respectively. When this amorphous material was heated in air for 3 h at 650ºC it was converted into the corresponding crystalline oxide containing both zirconium and titanium phases. The X-ray pattern of this material (MO in Figure 1 ) exhibited peaks corresponding to anatase at 2q values of 25.5, 37.5, 49 and 63º (Tsevis et al. 1998) and peaks due to ZrO 2 at 2q = 24.5, 28.5, 31.5, 49 and 54º (monoclinic) and at 2q = 30.5, 33 and 61º (tetragonal).
Zirconia exists as the thermodynamically stable monoclinic phase and a metastable tetragonal phase at room temperature, with the latter being more usual when the zirconia is precipitated from aqueous alkaline solution. However, it has been reported that a critical size of ca. 30-nm diameter exists above which zirconia particles cannot exist as the tetragonal modification at room temperature (Anderson 1975) . Heating the tetragonal modification for prolonged periods over the temperature range 600-1100ºC inevitably results in at least a partial conversion to the monoclinic modification. The high intensity for the peak due to the tetragonal modification at 2q = 30.5º in Figure 1 implies the predominance of this modification with only a partial conversion having occurred to the monoclinic form.
It should be noted that, despite employing an initial 1:1 molar ratio of Zr(OH) 4 and Ti(OH) 4 , the higher peak intensities exhibited by the zirconia phases in the pattern relative to those corresponding to titania implies that crystallization of the former occurred to a greater extent than the latter. Nevertheless, heating Zr(OH) 4 precipitated in the absence of Ti(OH) 4 at 650ºC led to the usual transformation of the metastable tetragonal modification to the most stable monoclinic form, as demonstrated by the dominance of the XRD peaks associated with the latter. Thus, it would seem that the presence of Ti(OH) 4 stabilized the tetragonal modification of zirconia, which may account for the observed decrease in the appearance of the peaks due to the titania phase. Such stabilization may be visualized as being due to the prevention of small particles of zirconia from growing to a size necessary to allow the commencement of the transition into the stable monoclinic modification. In this way, a considerable proportion of the Ti(OH) 4 species may have been excluded from participation in the formation of titania crystallites, thereby explaining the diminished abundance of diffraction peaks associated with the anatase modification.
Soaking the mixed oxide of zirconium and titanium obtained after calcination at 650ºC in aqueous solutions of persulphate or perchlorate anions led to a decrease in the diffraction peaks due to anatase and the monoclinic modification of zirconia. The decrease in the intensity of the peaks due to anatase was less than for those of zirconia. In addition, the decrease in peak intensity due to loading with perchlorate anion was greater than that resulting from loading with persulphate anion. Peaks due to the tetragonal modification appeared to retain their intensity after loading with ClO 4 or S 2 O 8 2ions, implying that these anions when adsorbed were mainly present on the anatase and a small fraction of the monoclinic zirconia formed.
Soaking the mixed hydroxide prior to calcination in either aqueous perchlorate or persulphate solutions appeared to prevent crystallization of the amorphous material when the latter was heated at 650ºC. In both cases, the extent to which crystallization was inhibited increased as the extent of anion loading increased. Thus, the XRD pattern of sample SMH1 (0.05 M S 2 O 8 2-) in Figure 2 displays broad diffractions similar to those of the parent uncalcined sample over the 2q ranges 20-40º and 40-50º, respectively. However, some small amount of crystallization occurred as indicated by the small peaks at 2q = 30.58º (tetragonal ZrO 2 ) and 2q = 25.12º (anatase). The small peaks were absent from the pattern for SMH4, thereby implying the increased prevention of crystallization upon calcination as the loading of S 2 O 8 2anions increased. The XRD pattern of ClMH1 ( Figure 2 ) indicated that the presence of ClO 4 anions prevented crystallization to the anatase phase to a greater extent than S 2 O 8 2anions, with the peak due to the tetragonal modification of ZrO 2 being more clearly defined with a higher intensity than for the SMH1 sample. Again, increasing the ClO 4 concentration as in sample ClMH4 led to increased prevention of crystallization upon calcination at 650ºC. Somantaray et al. (2000) have reported that the crystallite size of titania decreases in the presence of SO 4 2anions, possibly due to interaction between these anions and the TiO 2 network hindering particle growth. This type of effect has also been observed with PO 4 3anions (Kandori et al. 1992; Parida et al. 1999) and it is suggested that a similar effect occurred in this case with ClO 4 and S 2 O 8 2-
anions preventing the growth of the primary particles of titania and zirconia. Thus, the adsorption of negatively charged anions on to the Ti(OH) 4 and Zr(OH) 4 present initially may cause the subsequent formation of Ti-O-Ti or Zr-O-Zr oxy links upon calcination in a chaotic manner inhibiting the increase in particle size. It should be noted that the intensity of the peak associated with the tetragonal phase was greater and more distinct for sample ClMH1 than for sample SMH1, whereas the peak due to anatase was greater and more clearly defined for the latter sample relative to the former. This may be explained by the more ready adsorption of perchlorate anions on to titania particles relative to the adsorption of persulphate anions, the latter being greater on the primary particles of zirconia.
Infrared spectroscopy
In order to assess the adsorption mode of ClO 4 and S 2 O 8 2anions on the surface of the mixed (hydr)oxide, the infrared spectra of the coprecipitated hydroxide and the corresponding samples loaded with ClO 4 or S 2 O 8 2anions without further thermal treatment were recorded over the spectral region 400-4000 cm -1 . Such thermal treatment was avoided since heating at 650ºC would have destroyed any evidence for the behaviour of the impregnated anions as the decomposition temperature for the S 2 O 8 2anion is ca. 250ºC while that for the ClO 4 anion lies in the range 250-320ºC.
For the perchlorate anion of T d symmetry, the totally symmetric g 1 mode exhibits a frequency in the infrared spectrum at ca. 930 cm -1 , the doubly degenerate g 2 mode at ca. 460 cm -1 and the triply degenerate g 3 and g 4 modes at 1110 and 625 cm -1 , respectively (Rosenthal 1973) . If the perchlorate anion is changed from the ionic state to the perchlorato group, i.e. if it participates in partially covalent bonding involving one of its oxygens and a cation, then the oxygen atom through which it is covalently bonded will no longer be equivalent to the three other oxygens. Under these circumstances, the original T d symmetry of the perchlorate anion would be lowered to C 3v . Similarly, if two of the oxygen atoms of the perchlorate group form a chelate structure with a cation or behave as a bridging ligand with a similar cation, the symmetry would be lowered from T d to C 2v .
In the spectrum of ClMH4 depicted in Figure 3 , the Cl=O vibration of the perchlorate group appeared at 1394 cm -1 while the triply degenerate g 3 mode appeared as a triplet at 1085, 1113 and 1141 cm -1 , respectively. However, the second triply degenerate g 4 mode was present as a single band at 627 cm -1 while the doubly degenerate g 2 mode appeared as a single band at 465 cm -1 . These spectral observations suggest that the perchlorate anion was present in both C 2v and T d symmetry. The former may be attributed to the formation of a bidentate bridge by the perchlorate group since no bidentate perchlorate chelate complex has been reported (Cotton and Wilkinson 1972). This may be caused by the co-existence of Zr and Ti hydroxy groups whose interaction with the perchlorate group would not be similar. The triply degenerate g 3 mode of perchlorate adsorbed on ZrO 2 has been reported as giving rise to three bands at 1087, 1116 and 1145 cm -1 , whose intensities decrease as the wavenumber increases . In contrast, in the case of TiO 2 , the intensities of the three bands follow the order 1117 > 1047 > 1153 cm -1 (Moussa 2000) . Thus the appearance of the triply degenerate band for adsorbed perchlorate in the spectrum for sample ClMH4 could be due to its adsorption on titanium hydroxide as a bidentate bridging group. This may explain the complete absence of crystallinity for titania upon heating whereas some degree of crystallinity was observed for the zirconia phase.
No splitting of the g 3 mode of the perchlorate anion was evident upon its adsorption on the crystalline surface of the mixed ZrO 2 -TiO 2 material. It appeared as a broad band centred at 1086 cm -1 with two very weak shoulders at higher wavenumber. The generation of an ordered structure upon crystallization did not facilitate any bidentate bridging mode of interaction that would have lowered the symmetry of the perchlorate anion (Figure 3) .
The persulphate anion can be viewed as two sulphate tetrahedra linked by an O-O bridge. When SO 4 2exists as a free ion with T d symmetry, it has four theoretical vibrational modes, g 1 , g 2 , g 3 and g 4 , with only two of these modes (g 3 and g 4 ) being infrared-active (Nakamoto 1986 ). The absorption corresponding to g 3 occurs at 1104 cm -1 while that for g 4 occurs at 613 cm -1 (Chen and Yang 1993). When the sulphate group is bound to a solid surface, the symmetry can be lowered to either C 3v (unidentate) or C 2v (chelating bidentate or bridging bidentate). For C 3v symmetry, g 3 splits into two peaks and for C 2v symmetry g 3 splits into three peaks (Nakamoto 1986 ). The infrared spectrum of sample SMH4 (Figure 3) showed the g 4 mode at 612 cm -1 and the g 3 mode as three spectral features occurring at 1118 cm -1 , 1028 cm -1 (shoulder) and 1221 cm -1 (shoulder). The spectrum also showed a sharp band at 1398 cm -1 which has been assigned to the S=O stretching of the adsorbed SO 3 (Babou et al. 1995) of the SO 4 2group. Morterra et al. (1993a,b) have observed that when the sulphate salt was used as the source of sulphation for zirconia, the wavenumber of this band increased with increasing sulphur content as a result of the change in the type of sulphate species, i.e. from isolated (ZrO) 3 S=O to polynuclear [(ZrO) 2 SO 2 ] 2 . The latter configuration was also suggested by other workers (Moreno and Poncelet 2001; Haase and Sauer 1998) and attributed to an S 2 O 7 2--type species containing one coupled S-O-S bridge and two isolated S=O oscillators. In the present study, where S 2 O 8 2was employed as the source of sulphation, the appearance of the S=O band at the high wavenumber value observed may be attributed to the adsorption of an S 2 O 7 2--type species. This would then explain the splitting of the band due to g 3 of SO 4 2as arising from the lowered symmetry upon bonding to the surface zirconium atoms. While the same mode of interaction can take place on the co-existing titanium atoms, in view of the high crystallinity of the anatase phase relative to the zirconia phase as reveals by the XRD results discussed above, the extent of interaction between the persulphate anion and the zirconium atoms appears to have been greater than that with titanium.
The infrared spectrum of sample SMO4 (Figure 3) , which was precalcined before loading, indicates that the amount of S 2 O 8 2anion adsorbed was apparently lower than for the uncalcined sample as indicated by the lower intensity of the bands due to the g 3 and g 4 modes, and the appearance of the band due to S=O at a lower wavenumber (1385 cm -1 ). Moreover, the latter band was reported as appearing at a lower wavenumber when adsorption occurred in more energetic configurations corresponding to crystallographic defects, whereas the appearance of this band at high wavenumber values in the spectral range 1380-1400 cm -1 was mainly due to adsorption on the less regular patches of low-index crystal planes (Morterra et al. 1993a,b) . This implies that the crystallization of the mixed oxide introduced some restrictions on the extent of S 2 O 8 2anion binding with the solid surface.
Surface acidity
Probing the surface acidity using a procedure involving the adsorption of pyridine from solution does not permit a distinction to be made between Lewis and Brönsted acid sites. Furthermore, the pK a value of pyridine (5.3) indicates that this adsorbate would only be attached to strong acid sites (Campelo et al. 1983) . Thus, to assess the effect of calcination and loading on the samples studied, we have compared the surface acidity expressed as mmol/g for samples ClMH1(650) and ClMO1, respectively. The values obtained for these two samples were 309 and 181.5 mmol/g, respectively.
The acidity resulting from loading with ClO 4 may be attributed to the inductive effect of Cl=O as has been suggested for W=O, Mo=O or S=O (Arata 1991; Jung and Grange 2000) . In view of the surface acidity values cited above, such an inductive effect would be expected to be greater with sample ClMH1(650) than with the sample ClMO1. It should be noted that a temperature of 650ºC is considerably greater than the decomposition temperature for ClO 4 -, i.e. 320ºC (Mishra and Parida 1999), hence the persistence of acidity in sample ClMH1(650) loaded with ClO 4 and then heated to 650ºC would indicate that quite strong interaction had occurred between the ClO 4 anion and the surface. The strength of this interaction may be judged from the splitting of the IR band due to the g 3 mode as discussed above. The degree of such splitting may be taken as an indicator of the strength of the covalent interaction between the ClO 4 anion and the surface, and hence the extent of the resulting inductive effect. The lower degree of splitting demonstrated by the sample precalcined before loading (Figure 3 ) implies that the induced acidity was less than when loading was undertaken prior to calcination. This would explain the lower acidity of sample ClMO1 relative to that of sample ClMH1(650).
The effect of increasing the concentration of loaded ClO 4 anion may be assessed by comparison of the acidity of samples ClMH1(650) and ClMH4(650). The greater acidity of the latter (467.5 mmol/g) can be explained by the fact that increasing amounts of loaded ClO 4 anion led to greater inhibition of the crystallization of the mixed oxide, as revealed by the XRD results. Since this inhibition was attributed to interaction between the ClO 4 anion and the existing surface hydroxy species, the higher acidity may be attributed to the increased inductive effect arising from the increased adsorption of ClO 4 anions. However, this may not necessarily be the same type of interaction as that occurring at low loadings of ClO 4 -, since increasing the concentration of this anion by four times in the soaking procedure only led to an increase in the acidity by a factor of 1.5.
Comparison of the acidities of samples ClMO1 and SMO1 (280 mmol/g) indicates that the persulphate anion created more acidic sites than the perchlorate anion at the same level of loading. It has been suggested (Jung and Grange 2000) that the free surface area surrounding the sulphate group may be responsible for the creation of strong acid sites. If the S 2 O 8 2anion is visualized as adsorbing on to a surface as two SO 4 2groups, the number of free surface atoms (Ti or Zr) surrounding the adsorbed sulphate group would be greater than that resulting when the same concentration of ClO 4 was employed. However, because of steric hindrance, increasing the concentration of S 2 O 8 2to 0.4 M (as in the preparation of SMO4) did not lead to any great increase in acidity, but rather a decrease (253 mmol/g) as demonstrated by the acidity results obtained.
Textural assessment (i) The effect of calcination: The mixed hydroxide of zirconium and titanium (MH) which was only dried at 110ºC resulted in a type II nitrogen adsorption/desorption isotherm according to Brunauer's classification (Brunauer et al. 1940 ) and exhibited a hysteresis loop which closed at P/P 0 = 0.30 (Figure 4) . The corresponding V l versus t plot, drawn using reference data for a nonporous surface exhibiting the same BET C-value (Lecloux and Pirard 1979), displayed a very small upward deviation starting at t = 6.6 Å, i.e. P/P 0 = 0.60, and reverted back to cut the straight line passing through the origin at t = 8.5 Å. The delay in the start of the upward deviation, its small area and the final downward deviation that terminated the V l versus t plot imply that the texture of the sample was dominated by narrow pores together with some fraction of mesopores with limited sizes. This permitted capillary condensation, thereby generating the observed hysteresis loop. The average pore radius in this sample was 27.4 Å, reflecting the proposed dominance of narrow pores (see Table 1 ). Heating the mixed hydroxide at 650°C resulted in a crystalline mixed zirconium/titanium oxide as demonstrated by XRD analysis. This crystallization process caused the texture of the originally amorphous material to lose its porosity to yield a solid with a very low surface area (Table 1) . The isotherm of the resulting sample, MO, was to all intents and purposes type III, reflecting the very low affinity of nitrogen to its surface as was also demonstrated by the very small BET C-value obtained. Although the data for this type of isotherm appear to be unamenable for surface area calculation using the BET equation, we have fitted the data and obtained different parameters for comparative purposes. Thus, using the value S BET , the value of the average pore size obtained demonstrated that the texture of the material formed after calcination at 650°C was dominated by pores with a very large diameter (Table 1) . Soaking the crystalline mixed oxide in an aqueous solution of a persulphate or perchlorate produced a more suitable material. However, for most samples, isotherm plotting was not feasible since in most cases the type III isotherms obtained were incapable of producing even crude data for analysis (Table 1) .
(ii) The effect of perchloration: The XRD results obtained indicated that soaking the precipitated mixed hydroxide in different concentrations of perchloric acid prevented crystallization of the amorphous solid when the latter was subjected to calcination at 650ºC. The loaded ClO 4 anions led to a decrease in the surface area of the parent mixed hydroxide, with the highest decrease being recorded for the compound subject to the smallest loading, i.e. ClMH1 (Table 1) . However, this decrease in surface area was accompanied by a slight increase in the total pore volume and, hence, by an increase in the average pore radius. This pore widening was reflected by a wider upward deviation starting at t = 5.5 Å, i.e. P/P 0 = 0.45, in the V l versus t plot and thus matched the closure point of the hysteresis loop in the corresponding isotherm (Figure 4) . At this level, the effect of added ClO 4 appeared to be associated with penetration of the original narrow pores present in MH, thereby causing the loss of a large portion of the narrow pores responsible for the high surface area of the original mixed hydroxide. Such pore widening enabled the texture to withstand the effects of calcination to a greater extent than in the original unloaded mixed hydroxide. The V l versus t plot for sample ClMH1(650) ( Figure 5 ) indicated the presence of two types of mesopores in this material. This may be explained by the presence of the ClO 4 species preventing the complete collapse of the pore structure, thereby allowing this material to retain 71% of its pore volume and 39% of its specific surface area (Table 1) . The proposed pore widening in sample ClMH1 appears to occur to a lesser extent in sample ClMH2 together with some effective pore narrowing as reflected in the values of the total pore volume and average pore radius. The V l versus t plot ( Figure  4) indicates the presence of a region of apparent downward deviation, with the area of the upward deviation segment being smaller than in the case of sample ClMH1. The assumed co-existence of pore narrowing and widening led to a value of S BET not significantly different from that of sample ClMH1.
It could be argued that, as the concentration of the ClO 4 anions increased, most of the available anions were involved in the process of pore narrowing, leaving less available anions to effect the process of pore widening recorded for the sample with lower ClO 4 anion concentration (ClMH1). Such pore widening caused the loss in texture upon calcination to proceed via narrowing of the wider pores and closure of the narrower ones. Hence, the net result would be the retention of some measurable area and pore volume. The V l versus t plot for sample ClMH2(650) ( Figure 5 ) indicated the presence of two sizes of mesopore in the sample, with the smaller size being less frequent than in the case of sample ClMH1(650).
The textural response of sample MH to the ClO 4 anion at concentrations above 0.10 M appeared to consist in an increase of pore widening as the anion concentration increased. This had a greater compensating effect than the loss in surface area due to blockage of the narrower pores originally present. The values of the three surface parameters, S BET , V p and r, increased with increasing ClO 4 anion loading (Table 1) . The corresponding V l versus t plots showed upward deviations starting at P/P 0 values which matched the closure points of the hysteresis loops in all cases (Figure 4) , thereby indicating that the pore size of sample ClMH4 was greater than that of sample ClMH3. This type of ClO 4 anion inclusion made the texture more resistant to the effects of calcination and hence allowed the retention of an open structure (relative to that of unloaded MH) which still exhibited a measurable surface area and pore volume. The V l versus t plots of samples ClMH3(650) and ClMH4(650) indicated their textures were dominated by very narrow pores which were responsible for the recorded values of the surface area and pore volume. Interestingly, in the case of sample ClMH4(650), the V l versus t plot showed the start of a very limited upward deviation at t = 5.5 Å, i.e. P/P 0 = 0.44, which was very early in comparison with the closure point of the hysteresis loop at P/P 0 = 0.76 ( Figure 5 ). This type of disagreement may be attributed to the presence of a region of capillary condensation without hysteresis due to the existence of wide micropores and/or narrow mesopores (Gregg and Sing 1982a) , suggesting that the presence of the ClO 4 anion prevented the virtually complete loss of surface area of the amorphous mixed hydroxide upon calcination. The penetration of the anion into the existing pores kept a considerable portion of the pore structure open and thus prevented crystallization of the amorphous material as occurred in the absence of the ClO 4 anion. This protecting effect of the ClO 4 anion was found to increase as its concentration in the impregnation medium increased.
(iii) The effect of persulphation: The response of the texture of the mixed hydroxide to loading with persulphate anions was different from that for the perchlorate anion. Thus, a lower loss in surface area was recorded for samples SMH1 and SMH2 than for samples ClMH1 and ClMH2, whereas a greater loss was observed for samples SMH3 and SMH4 relative to samples ClMH3 and ClMH4. On the other hand, all the samples exhibited a lower pore volume than the parent mixed hydroxide. The adsorption isotherms showed hysteresis loops whose closure points matched the start in the upward deviation in the corresponding V l versus t plot ( Figure 6 ). However, the closure point of the hysteresis loop for sample SMH2 occurred at P/P 0 = 0.25, with this sample showing the highest surface area and a lower value of the average pore radius (Table 1) . The extension of the hysteresis loop to a low value of P/P 0 (< 0.4) has been taken as an indication of the presence of barely accessible entrances in the sample texture (Gregg and Sing 1982b) . It is possible to attribute the loss in surface area occurring upon soaking in persulphate solutions to the loss of a greater part of the narrow pores originally present in the parent mixed hydroxide. To examine the validity of this suggestion, we have subtracted the adsorption isotherms for samples loaded with S 2 O 8 2anions from that for the parent material and then used the new data to calculate the specific surface areas employing the BET equation in the conventional manner. The corresponding V l versus t plots were then obtained employing suitable reference data depending on the value of the BET C-constant for the new data.
The results of this kind of treatment are listed in Table 2 . It will be noted that good agreement occurred between the surface area values obtained from the subtraction results which represent the area taken up by anion loading, with the values of S BET calculated as equal to S BET for MH minus the S BET values for SMHX (where X = 1, 2, 3 and 4). Furthermore, the V l versus t plots obtained using the new data all displayed downward deviations, thereby implying that such behaviour could be attributed to narrow pores. If it is accepted that the loss of surface area is attributable to the consumption of a fraction of the small sized pores present in the parent mixed hydroxide, it is possible to explain the trend followed by the specific surface area as the S 2 O 8 2anion loading increased. Thus, the loss in area for sample SMH1 may be correlated with the blocking of a considerable fraction of the narrow pores that make the smallest contribution to the total pore volume. This is reflected in the value of V p which showed only a small decrease when S 2 O 8 2anions were loaded at this level (0.05 M). When the concentration of persulphate ions in the impregnation solution was increased to 0.10 M, it appeared that the blocking of narrow pores was now accompanied by narrowing of some wider pores whose area over-compensated the loss in area resulting from the process of pore blocking. Narrowing some of the wider pores led to a decrease in the total pore volume whose value relies in general on the contribution from wider pores. The further decrease in area with increasing S 2 O 8 2anion concentration resulted from extensive blockage of narrower pores, thereby increasing the value of the average pore radius ( Table 1) .
The pore volume distribution curves depicted in Figure 7 , obtained using the model-less method developed for mesopores (Brunauer et al. 1967 ) and employing the desorption data, support the above interpretation. The distribution curve for the parent mixed hydroxide exhibited no maximum in the mesopore size range, but the long branch in the corresponding V l versus t plot may be associated with a range of micropore sizes less than 25 Å. The disappearance of such microporosity in sample SMH1 led to a shift in the maximum of the pore size distribution curve to larger pore sizes, while the suggested pore narrowing for sample SMH2 cause a shift in the curve maximum to smaller pore sizes. The subsequent increase in the average pore size recorded for samples SMH3 and SMH4 was reflected in the shift in the maxima of the corresponding pore distribution curves to higher pore sizes, the very large pore size recorded for sample SMH4 leading to the lack of a definite maximum in the corresponding distribution curve.
The small pores closed upon calcination, leaving the sample texture dominated by large pores. This led to a consequent loss in surface area and pore volume. The shapes of the resulting V l versus t plots (Figure 8 ) reflect the large pore sizes existing in the calcined samples. Textural analysis showed that the effect of the perchlorate anion was different from that of the persulphate anion and agreed with the XRD results, indicating preferential protection of anatase crystallization by the perchlorate anion, whereas the addition of the persulphate anion caused a severe reduction in crystallization of the zirconia phase.
